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Transfer of mitochondria via tunneling nanotubes
rescues apoptotic PC12 cells
X Wang*,1 and H-H Gerdes1,{
Tunneling nanotubes (TNTs) are F-actin-based membrane tubes that form between cells in culture and in tissues. They mediate
intercellular communication ranging from electrical signalling to the transfer of organelles. Here, we studied the role of TNTs in the
interaction between apoptotic and healthy cells. We found that pheochromocytoma (PC) 12 cells treated with ultraviolet light (UV)
were rescued when cocultured with untreated PC12 cells. UV-treated cells formed a different type of TNTwith untreated PC12 cells,
which was characterized by continuous microtubule localized inside these TNTs. The dynamic behaviour of mCherry-tagged end-
binding protein 3 and the accumulation of detyrosinated tubulin in these TNTs indicate that they are regulated structures. In
addition, these TNTs show different biophysical properties, for example, increased diameter allowing dye entry, prolonged lifetime
and decreased membrane fluidity. Further studies demonstrated that microtubule-containing TNTs were formed by stressed cells,
which had lost cytochrome c but did not enter into the execution phase of apoptosis characterized by caspase-3 activation.
Moreover, mitochondria colocalized with microtubules in TNTs and transited along these structures from healthy to stressed cells.
Importantly, impaired formation of TNTs and untreated cells carrying defective mitochondria were unable to rescue UV-treated cells
in the coculture. We conclude that TNT-mediated transfer of functional mitochondria reverse stressed cells in the early stages of
apoptosis. This provides new insights into the survival mechanisms of damaged cells in a multicellular context.
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Apoptosis is an important regulatory mechanism of tissue
homeostasis. It is triggered by the extrinsic pathway through
the activation of proapoptotic receptors or by the intrinsic
pathway through the destabilization of mitochondria in
response to various forms of cell injury or stress.1 Notably,
stressed cells are also strongly influenced by intercellular
communicative networks. This includes diffusible growth
factors, cytokines and other small molecules secreted
from neighbouring cells, which can modulate the fate of
distressed cells. For example, stem cells release growth
factors to protect dysfunctional neurons in the brain.2 In
tumour stroma, activated fibroblasts are thought to promote
tumour progression by secreting growth factors that act in a
paracrine manner.3 Moreover, contact-dependent signalling,
for example, via adhesion molecules, can trigger contact
inhibition or protection of endothelial cells.4 In addition,
gap junctions have been shown to be involved in the transfer
of death or survival molecules in different cell types.5
Therefore, the signals transferred from neighbouring cells
influence the viability of target cells through different
pathways.
In 2004, our group described a previously unrecognized
form of cell-to-cell interaction based on nanoscaled, F-actin-
containing membrane tubes.6,7 These tubes, referred to as
membrane or tunneling nanotubes (TNTs), were subse-
quently found in numerous cell types in culture and in
tissues.8–11 Importantly, TNTs facilitate the intercellular
exchange of diverse cellular signals and components ranging
from electrical signalling to organelles.12–15 Moreover, patho-
gens such as human immunodeficiency virus (HIV) and prions
can spread between cells along TNTs.16,17 Consistent with the
model that TNTs are involved in cell-to-cell communication,
apoptosis regulators may be transferred via TNTs between
apoptotic and healthy cells to alter the fate of recipient cells.
Indeed, it has been shown that TNTs can propagate the death
signal Fas ligand between T lymphocytes to induce cell
death.18,19 TNTs have been also proposed to participate in
the rescue of injured cardiomyoblasts or endothelial cells
by mesenchymal stem cells (MSCs) through transferred
mitochondria.20,21 However, the rescue mechanism by how
and when this event was accomplished remains elusive.
In this study, we found that PC12 cells stressed by ultraviolet
(UV) radiation were rescued from apoptosis when cocultured
with untreated, healthy PC12 cells. Single-cell analysis
showed that stressed cells in the early stages of apoptosis
form a new type of TNT to interact with untreated cells. These
TNTs have a distinct cytoskeletal composition and biophysical
properties when compared with TNTs interconnecting normal
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PC12 cells. We also observed the presence and transport of
mitochondria in the TNTs formed by stressed cells. Notably,
the rescue effect was inhibited when the formation of TNTs
were impaired by incubating with an F-actin-depolymerizing
drug, or when the mitochondria of rescuer cells were
damaged. Our results suggest that the delivery of functional
mitochondria via TNTs mediates the recovery of PC12 cells in
the early stages of apoptosis.
Results
TNTs abate stress-induced apoptosis of PC12 cells.
PC12 cells form numerous TNTs that can facilitate inter-
cellular transfer of vesicles and membrane-associated
proteins.6,22 To investigate whether TNTs have a role in the
transfer of apoptosis regulators, we first established a
coculture system of apoptosis-induced and healthy PC12
cells. Apoptosis of cells labelled with CellTracker Blue (CTB)
was induced by UV treatment, which could be attenuated by
the pancaspase inhibitor Z-VAD-FMK (P= 0.005, one-way
ANOVA test with Dunnett's post hoc test; Figure 1a).
Next, UV-treated or -untreated cells labelled with CTB
were cultured either alone or together with untreated
cells at a 1 : 1 ratio. The quantification of dead cells revealed
no increase of cell death in the untreated population 24 h after
the beginning of the cocultures (P=0.7402, t-test; Figure 1a,
grey bars). However, there were significantly less dead cells
of the UV-treated population in the coculture compared with
the monoculture condition (P= 0.006, one-way ANOVA test
with Dunnett's post hoc test; Figure 1a, red bars). This
suggests that the UV-treated cells were rescued. This rescue
effect did not occur when UV-treated cells were incubated
with conditioned medium collected from untreated cells
(P=0.341, one-way ANOVA test with Dunnett's post hoc
test; Figure 1a), indicating a contact-dependent mechanism.
Therefore, we investigated TNT connectivity in the coculture
by staining the plasma membrane with wheat germ agglutinin
(WGA) conjugated to Alexa Fluor-594 (Figure 1b). Approxi-
mately 10 TNTs per 100 cells were formed between CellTracker
Green (CTG)-labelled cells treated with UV and untreated
cells, albeit fewer than under control condition (P=0.0007,
one-way ANOVA test with Tukey's post hoc test; Figure 1c,
grey bars). In agreement with our previous study on acute
myeloid leukaemia cells,23 TNT formation in PC12 cells was
impaired after UV treatment (P= 0.0001, one-way ANOVA test
with Tukey's post hoc test; Figure 1c, red bars) and under other
apoptosis stimulations (valinomycin, cisplatin or actinomycin
D), resulting in increased cell death, which correlated with a
decrease in TNT formation (Supplementary Figures 1a and b,
red bars). This decrease was partly reversed by the Z-VAD-
FMK (Supplementary Figure 1b, grey bars), suggesting that
the inhibitory effect on TNT formation is caspase-dependent.
Moreover, CTG-stained cells contained less TNTs than
unstained cells in control condition (Figure 1c). This is
because the PC12 cells are prone to form clusters with time,
which reduce the chance of TNT formation (data not shown).
To test whether TNTs have a role in the rescue of stressed
cells, the cocultures were treated with 350 nM cytochalasin B
(cytoB), which is an F-actin-depolymerizing agent shown to
abolish TNT formation.22 Consistently, cytoB treatment
inhibited the formation of TNTs between CTG-labelled cells
irradiated with UV and untreated cells (Figure 1b, right;
Figure 1c, grey bars, n=4, Po0.0001, one-way ANOVA test
with Tukey's post hoc test). Three hundred and fifty nanomolar
cytoB alone did not increase cell death in monocultures
of UV-treated cells (P= 0.1561, t-test) or in untreated cells
in coculture (P=0.1819, t-test; Figure 1d). However, the
percentage of dead cells in the UV-treated population in
coculture was significantly higher in the presence than in the
absence of cytoB (P= 0.017, t-test; Figure 1d). To confirm if
the rescue effect is general in PC12 cells, CTB-labelled cells
were treated with 50 μM actinomycin D (ac-D) for 2 h to induce
apoptosis and then cocultured with untreated cells for 24 h.
We observed a similar rescue effect (P= 0.0012, t-test;
Supplementary Figure 2), which could be inhibited by cytoB
(P= 0.0003, t-test). These data clearly demonstrate that cytoB
prevents the rescue of cell death observed in cocultures and
suggest that TNTs may be involved in the rescue process.
Structural changes of TNTs formed by stressed PC12
cells. To understand the role of TNTs in the rescue process,
we performed in-depth microscopy analysis of TNTs con-
necting UV-treated and -untreated cells. CTG-labelled cells
were exposed to UV light and subsequently cocultured with
untreated cells. Confocal imaging showed that the CTG dye
diffused into the TNTs of UV-treated cells but did not pass
into the connected untreated cells (Figure 2a, left). By
contrast, CTG was absent from TNTs connecting control
cells (Figure 2a, right), which is consistent with our previous
finding that a dye with low molecular weight does not enter
TNTs formed between normal PC12 cells.6 The entry of CTG
into this special type of TNTs may be because of the larger
diameter of TNTs of UV-treated cells compared with TNTs of
control cells (P=0.0483, t-test; Supplementary Figure 3a).
It has been reported that thicker TNTs may contain
microtubules.24 We discovered that microtubules localized in
CTG-positive TNTs (CTG-TNTs) by immunostaining of
α-tubulin (Figure 2a, left). Further analysis revealed that
76.7±8.8% of immunostained TNTs were positive for both
CTG and microtubules (n= 30; Figure 2d, green bar). Only
6.7± 3.3% of microtubule-containing TNTs (MT-TNTs) dis-
played no CTG staining (n=30; Figure 2d, grey bar),
indicating that CTG-TNTs are the main population of MT-
TNTs. When microtubules were completely disrupted by
10 μM nocodazole (Noc), there were still CTG-TNTs despite
the depolymerized microtubules (tubulin; Figure 2b).
Moreover, CTG-TNTs were also observed when Noc was
added at the time of coculture initiation (n=30). These data
rule out an essential role for microtubules in the formation of
CTG-TNTs. In some cases, depolymerized microtubules
exist in CTG-TNTs in the presence of Noc (Supplementary
Figures 3c and d). CTG-TNTs lacking microtubules were also
found when cocultured cells were treated with 80 μM Z-VAD-
FMK (Figures 2c and d). This result suggests that caspases
may affect the microtubule dynamics in CTG-TNTs. Despite
these differences in cytoskeletal composition, the length of all
the different types of TNTswas similar (n= 30; Supplementary
Figure 3b).
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Similar to the TNTs of normal PC12 cells,6 MT-TNTs also
contained F-actin (Figure 3a). Interestingly, some micro-
tubules were surrounded by a helix of F-actin in right-hand
rotation towards the tip of TNTs (Supplementary Movie 1) with
an average repeat distance of 4.1±0.3 μm (n= 5). Time-lapse
imaging (90min) revealed that 17 of 20 observed CTG-TNTs
persisted, which is much longer than that of normal TNTs
with a median lifetime of 7 min.22 This is probably due to
microtubule-dependent stabilization of TNTs. In this line of
thought, we found that 74.4± 5.5% of CTG-TNTs contained
detyrosinated tubulin (n= 20; Figure 3b), which has been
shown to increase the stability of microtubules.25 To evaluate
the dynamics of microtubules in TNTs, we focused on the
end-binding protein 3 (EB3), a protein that binds to the plus end
of microtubules only during the polymerization of tubulin.26
Live-cell imaging demonstrated that EB3-mCherry moved
towards the distal end of CTG-TNT (Figure 3c and
Supplementary Movie 2) with an average velocity of
Figure 1 Rescue of UV-treated PC12 cells in cocultures. (a) The level of cell death of UV-treated cells decreased in coculture condition. CTB-labelled PC12 cells were treated
with UV light and grown in monoculture or in coculture with untreated cells for 24 h. The percentage of dead cells was quantified by staining with annexin V-AF488. UV-treated cells
were also incubated for 24 h in the presence of 80 μM Z-VAD-FMK or in conditioned medium from untreated cells as indicated. (b) TNTs (arrows) were formed between CTG-
labelled (CTG, green) and -unlabelled cells in control and UV treatment conditions but not in the presence of 350 nM cytoB (UV+cytoB). The cocultures were stained with WGA-
AF594 (WGA, red) and imaged by confocal microscope. Scale bars, 20 μm. (c) Three hundred and fifty nanomolar cytoB abolished the formation of TNTs. The number of TNT
between CTG-labelled cells (green circles), CTG-unlabelled cells (white circles) or CTG-labelled and -unlabelled cells were counted in the conditions as in (b). (d) Three hundred
and fifty nanomolar cytoB inhibited the rescue effect. CTB-labelled cells treated with UV were cocultured with untreated cells (unlabelled) in the absence or presence of 350 nM
cytoB for 24 h. The percentage of dead cells in both cell populations was quantified. NS, not significant; *Po0.05; **Po0.01
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0.22±0.03 μm/s (3 movies). This magnitude is comparable
to the velocity of movement of EB3-GFP in neurons
(0.2 μm/s).27 Moreover, EB3-mCherry was absent from CTG-
TNTs when CTG-labelled cells treated with UV were
cocultured with non-treated cells expressing EB3-mCherry
(n=16; Supplementary Figure S3e). It indicates that micro-
tubules polymerize within CTG-TNTs from the cell body of the
UV-treated cell towards the distal end of TNTs.
Besides the cytoskeleton, we investigated the membrane
fluidity of CTG-TNTs by using fluorescence recovery after
photobleaching (FRAP) (Supplementary Figure 3f). This
analysis revealed that fluorescence recovery in CTG-TNTs
was significantly longer than in TNTs of control cells
(P=0.006, Mann–Whitney test; Figure 3d), indicating a
decrease of membrane fluidity in the TNTs of the UV-treated
cells. One possible reason for this decrease might be the
oxidation of unsaturated phospholipids through the release
of reactive oxygen species from damaged mitochondria
of UV-treated cells.28,29 Taken together, our data show that
UV treatment of cells induces the formation of a new type of
TNT with distinct cytoskeletal composition and biophysical
properties.
PC12 cells in the early stages of apoptosis form
MT-TNTs. To explore the formation mechanism of MT-TNTs,
we investigated their appearance at different stages of
apoptosis. The exposure of phosphatidylserine (PS) to the
extracellular space is a landmark of apoptosis. Therefore, we
analysed PS exposure in MT-TNT-connected cells by staining
with annexin V coupled to AF488 (annexin V-AF488). We
observed that 96.5±1.8% of MT-TNT-connected UV-treated
cells were annexin V-negative (n=62; Figure 4a). This
indicates that MT-TNTs were formed by stressed cells that
did not expose PS. Another important landmark of the
execution stage of apoptosis is the activation of caspase-3,
which takes place earlier than the exposure of PS. However,
Figure 2 UV-treated PC12 cells form TNTs containing microtubules. (a) TNT formed by UV-treated cells (CTG-labelled, green) contained CTG (arrowhead) and microtubules
(arrow). (Right) TNTs (arrow) formed by control cells did not contain CTG and microtubules. The cells were stained with WGA-AF633 (WGA, cyan) and immunostained with anti-
α-tubulin antibody to visualize microtubules (red) and imaged by confocal microscope. (b and c) When the cocultures were treated with 10 μMNoc or 80 μM Z-VAD-FMK for 24 h,
the CTG-TNTs (arrowheads) did not contain microtubules. (d) Statistical evaluation of frequencies of marker occurrence in TNTs between CTG-labelled and -unlabelled cells in
the conditions as in (a–c). The ratio of TNTs containing microtubules but no CTG (grey bars), CTG but no microtubules (red bars) or microtubules and CTG (green bars) to total
WGA-stained TNTs were calculated. Scale bars, 10 μm. **Po0.01
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none of the cells connected by MT-TNTs showed activation
of caspase-3 (n= 30; Figure 4b). Hence, the activation of
caspase-3 is not required for the formation of MT-TNTs.
We next assessed the level of cytochrome c (cyt c) in MT-
TNT-connected cells because the release of cyt c precedes
the activation of caspase-330 and UV radiation activates the
intrinsic pathway of apoptosis viamitochondria destabilization.
By using immunolabelling with anti-cyt c, we found that UV-
treated cells connected with MT-TNTs displayed considerably
fewer fluorescence signals of anti-cyt c than untreated cells
(Figure 4c). To further analyse the relation between MT-TNTs
and the changes of cyt c, we quantified the relative
fluorescence intensity (RFI) of anti-cyt c of three groups of
cells in the coculture: UV-treated cells with MT-TNTs, UV-
treated cells without MT-TNTs and untreated control cells. In
all, 38±5.6% of UV-treated cells with MT-TNTs displayed low
RFI values, between 0.2 and 0.4, which was ~ 2-fold the
percentage of UV-treated cells without MT-TNTs (P=0.006;
Figure 4d). Thus, MT-TNTs were formed by UV-treated cells
that released measurable amounts of cyt c from mitochondria
but had not entered into the execution stage of apoptosis.
We previously observed that UV-treated cells labelled with
CTG were able to form TNTs that contained CTG, but lacked
microtubules when cocultured in the presence of the caspase
inhibitor Z-VAD-FMK (Figure 2d). By using this strategy, we
investigated if the MT-TNTs affect the level of cyt c in UV-
treated cells. We found more cells with RFI values of cyt c
above 1.0 when they were connected by CTG-TNTs contain-
ing microtubules than without microtubules (13 out of 68 and 1
out of 30 cells, respectively; Figure 4e). This suggests that the
presence of microtubules in CTG-TNTs has a positive effect
on the condition of UV-treated cells.
Mitochondria are transferred and provide a rescue effect
to stressed PC12 cells. The mitochondrion is a key
regulator of apoptosis,1,31 and its intercellular transfer has
been associated with the recovery of injured cells.20,21,32
Therefore, we examined whether mitochondria are present in
the TNTs derived from UV-treated cells by labelling
mitochondria with the specific fluorescent dye TMRM
(tetramethylrhodamine, methyl ester).33 We observed that
TMRM-labelled mitochondria were present in CTG-TNTs
connecting UV-treated and -untreated cells (Figure 5a). By
contrast, TMRM-labelled mitochondria were not detected in
TNTs of control cultures (data not shown). By means of live-
cell imaging, we could observe TMRM-labelled mitochondria
moving independently from a healthy to a UV-treated
cell along the TNT (Figure 5b). The mitochondria did not
migrate at uniform speeds and met together before entering
the UV-treated cell (Supplementary movie 3). Unlike the
velocities measured for axonal transport of mitochondria
(100–1400 nm/s),34 the maximum speed reached by
mitochondria trafficking along TNTs was ~80 nm/s
(Supplementary Figure 4a). The underlying reason for this
may be the smaller diameter of the TNTs, possibly imposing a
higher resistance to the movement of mitochondria compared
with their movement in axons. To verify the presence of
mitochondria in MT-TNTs, we labelled mitochondria with
Figure 3 The characteristics of MT-TNTs. (a) The colocalization of microtubules (arrowhead) and F-actin (arrow) in a TNT between UV-treated (CTB-labelled, blue) and
untreated cells. F-actin was stained with phalloidin-AF488. Microtubule was immunostained with anti-α-tubulin antibody and imaged by confocal microscope. (b) CTG-TNT
(arrow) contained detyrosinated α-tubulin (arrowhead). CTG-labelled cells (CTG, green) were treated with UV and cocultured with untreated cells for 24 h. Cells were then
immunostained with anti-detyrosinated α-tubulin (red) and imaged by confocal microscope. (c) EB3-mCherry (arrowheads) moved towards the end of a CTG-TNT (arrow). EB3-
mCherry-transfected cells were labelled with CTG, treated with UV and cocultured with untreated cells for 24 h. Cells were subjected to time-lapse confocal imaging. (d) The
membrane fluidity of CTG-TNTs was less than normal TNTs. The half-time of recovery (t1/2) of fluorescence of WGA-AF594 of TNTs between control cells (control, n= 15) and
CTG-TNTs between UV-treated and -untreated cells (UV, n= 13) was measured by FRAP. Scale bars, 10 μm. **Po0.01
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MitoTracker Deep Red (MTDR) and then immunostained the
microtubules. This revealed colocalization of mitochondria and
microtubules in CTG-TNTs (Figure 5c), suggesting that micro-
tubules may help the transport of mitochondria along MT-TNTs.
We next cocultured UV-treated cells with untreated cells
expressing DsRed2-mito, a fluorescent mitochondrial probe,
to quantify the transfer of mitochondria. 3D confocal imaging
showed punctate signal of DsRed2-mito in the UV-treated
cell (Figure 6a). The number of UV-treated cells containing
DsRed2-mito was fivefold compared with control (P=0.0004,
one-way ANOVA test with Tukey's post hoc test; Figure 6b).
Notably, elimination of TNTs with 350 nM cytoB significantly
decreased the transfer of DsRed2-mito (P= 0.0016, one-way
ANOVA test with Tukey's post hoc test; Figure 6b). Because
Figure 4 Cells in the early stages of apoptosis form MT-TNTs. (a and b) MT-TNT- (arrows) connected UV-treated cells (UV) showed neither PS exposure (a) nor caspase-3
activity (b). CTB-labelled cells (CTB, blue) were treated with UV and then cocultured with untreated cells for 24 h. The cells were stained with annexin V-AF488 (PS, green) or the
Image-iT LIVE Green Caspase-3/7 Detection Kit (Caspase-3/7, green), immunostained with anti-α-tubulin antibody (red) and imaged by confocal microscope. Note that dead cells
(arrowheads) showed PS exposure (a) and caspase-3/7 activity (b) as positive control. (c) MT-TNT- (arrow) connected UV-treated cell (UV) contained less cyt c (arrowhead) than
untreated cells. CTG-labelled cells (CTG, green) were treated with UV and then cocultured with untreated cells for 24 h. The cells were immunostained with anti-α-tubulin (red) and
anti-cytochrome c (cyt c, cyan), and imaged by confocal microscope. (d) UV-treated cells formed MT-TNTs when cells lose cyt c. The RFI of anti-cyt c in untreated control cells
(n= 276), UV-treated cells without MT-TNT (n= 202) and UV-treated cells connected with MT-TNT (n= 67) was calculated as described in the Materials and Methods section. (e) The
frequency distribution of RFI values of anti-cyt c in microtubule-containing and -deficient CTG-TNT- connected UV-treated cells. CTG-labelled cells were treated with UV and then
cocultured with untreated cells in the absence or presence of 80 μM Z-VAD-FMK for 24 h. UV-treated cells connected with microtubule-containing CTG-TNT (n= 67) or connected
with microtubule-deficient CTG-TNT (Z-VAD-FMK treated, n= 30) were imaged by confocal microscope and analysed as in (d). Scale bars, 10 μm. *Po0.05; **Po0.01
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350 nM cytoB has no effect on endocytosis and phagocytosis
of PC12 cells,22 our findings demonstrate that TNTs have a
major role in the transfer of DsRed2-mito. Moreover, the
optimum distance for the transfer of DsRed2-mito between
recipient cells and closest donor cells was 9–16 μm
(Supplementary Figure 4b, red bars), which corresponds to
the length of MT-TNTs (Supplementary Figure 3b). In contrast,
there was no optimal distance for the transfer under control
conditions, reflecting a random uptake of cell debris
(Supplementary Figure 4b, grey bars). To obtain more
evidence for the transfer of intact mitochondria, the mitochon-
drial DNA (mtDNA) of untreated cells was selectively labelled
with the nucleoside analogue 5-ethynyl-2′-deoxyuridine
(EdU). The mtDNA of transferred mitochondria was detected
in UV-treated cells of the coculture (Supplementary Figure 4c).
In agreement with this, it has been shown that tumour cells can
acquire mtDNA from the host cells.35
To obtain direct evidence of a rescue effect elicited by
mitochondria transferred from untreated cells, we generated
PC12 cells lacking mtDNA and thus carried mitochondria
deficient for functional electron transport (ρ0 cells).36 We
observed more dead cells when UV-treated cells were
cocultured with ρ0 cells than with cells carrying functional
mitochondria (ρ+ cells) (P= 0.0099, t-test; Figure 6c). Impor-
tantly, the number of TNTs formed by ρ+ and ρ0 cells was
similar under both control and UV conditions (P= 0.9099 and
P= 0.5339 respectively, t-test; Figure 6d). Taken all together,
our data suggest that stressed cells form MT-TNTs and obtain
transferred mitochondria that participate in the rescue effect.
Discussion
The formation of TNTs by externally stressed cells has been
addressed in several studies.37–39 However, those studies
Figure 5 The presence and transport of mitochondria in CTG-TNTs. (a) Intact mitochondria (arrowheads) localized in a CTG-TNT (arrow). CTG-labelled cells (CTG, green)
were treated with UV, cocultured with untreated cells for 18 h. Cells were stained with TMRM (red) and WGA-AF633 (WGA, cyan) and imaged by confocal microscope.
(b) Mitochondria (arrowheads) translocated along a TNT towards the UV-treated cell. CTG-labelled cells (green) were treated with UVand cocultured with untreated cells for 18 h.
Then, cells were stained with TMRM (red) and subjected to time-lapse confocal imaging. (c) Mitochondria (arrowhead) colocalized with microtubules (arrow) along a CTG-TNT.
CTG-labelled cells (CTG, green) were treated with UV and cocultured with untreated cells for 24 h. The coculture was subsequently stained with MTDR (cyan), then
immunostained with an anti-α-tubulin antibody (red) and imaged by confocal microscope. Scale bars, 10 μm
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only considered changes in the quantity of TNTs during
apoptosis. Here, we discovered that stressed cells form a new
type of TNTs with different biochemical and biophysical
characters. Moreover, the active movement of EB3 and the
accumulation of detyrosinated tubulin in these TNTs indicate
that they are highly regulated structures as opposed to cellular
protrusion passively pulled by the connected cells. Impor-
tantly, our study revealed that only cells containing damaged
mitochondria at a very early apoptotic stages, before the
activation of caspase-3, form MT-TNTs. This suggests that
cells at the execution phase of apoptosis do not form this novel
type of TNT and may not be rescued by healthy cells.
Interestingly, we observed that the formation of MT-TNTs did
not depend on the activation of caspase-3. However the
pancaspase inhibitor disturbed the entry or assembly of
microtubuleswithin TNTs. Therefore, other cysteine proteases
may be involved in the formation of MT-TNTs.
The presence of mitochondria in TNTs has been shown for
various cell types in different conditions, for example, between
human endothelial progenitor cells and rat cardiomyocytes,40
between MSCs and cardiomyocytes20,41,42 and between
endothelial cells and cancer cells.43 Here, we demonstrated
that mitochondria were colocalized with microtubules inside
TNTs. It has been reported that short-range movement of
mitochondria may occur via the actin cytoskeleton, whereas
the long distance transport is microtubule-dependent.34
Importantly, a recent study showed that Miro1, a Rho-
GTPase that helps mitochondrial movement along microtu-
bules, regulates the transfer of mitochondria from MSCs to
epithelial cells.44 Thus, together with the observation of the
increased diameter and prolonged lifetime of MT-TNTs, our
data demonstrate that this new type of TNTs possess
structural determinants that support the long distance trans-
port of organelles.
Intercellular exchange of mitochondria has been proposed
as a general principle to rescue damaged cells. A previous
report showed that microinjection of intact mitochondria
into oocytes reduced their high susceptibility to undergo
Figure 6 The rescue effect depends on the transfer of functional mitochondria. (a) The presence of DsRed2-mito (arrows) of healthy cells in a UV-treated cell. CTG-labelled
cells (green) were treated with UV, cocultured with untreated cells expressing DsRed2-mito (arrowhead) for 24 h and imaged by confocal microscope. (b) The transfer of DsRed2-
mito from healthy cells to UV-treated cells was inhibited by cytoB. The percentage of CTG-labelled cells that contained DsRed2-mito was calculated in control (without UV
treatment) and in UV treatment in the absence or presence of 350 nM cytoB. (c) The ρ0 cells were less able to rescue the UV-treated cells than the normal cells (ρ+). Unlabelled ρ0
cells were cocultured with CTB-labelled UV-treated cells for 24 h. (Left) The ρ0 cells contained no mtDNA, whereas the ρ+ cells did (arrowheads). The ρ+ and ρ0 cells were stained
with the Click-iT EdU Microplate Assay kit (Amplex UR, red) to detect EdU-labelled DNA and imaged by confocal microscope. Note that the nuclei (n) were strongly stained in both
ρ+ and ρ0 cells. (d) The ρ0 and ρ+ cells formed comparable numbers of TNTs. TNTs formed in ρ0 and ρ+ cells were quantified under conditions with or without UV treatment
(control). Scale bars, 10 μm. NS, not significant; *Po0.05; **Po0.01
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apoptosis.45 Spees et al.46 found that active transfer of
mitochondria from adult mammalian stem cells to somatic
cells rescued aerobic respiration in cells with non-functional
mitochondria. Cho et al.47 reported that MSCs can transfer
mitochondria to mtDNA-deficient cells and restore their mito-
chondrial function. Also, a recent study discovered that
bone marrow-derived stromal cells protect against acute lung
injury by transferring mitochondria to alveolar epithelium
cells.32 In this line of thought, we here demonstrate that the
elimination of TNTs blocked the intercellular transfer of
mitochondria and inhibited the rescue effect. In addition, the
inability of ρ0 cells to rescue UV-treated cells indicates that
functional mitochondria are necessary. Owing to the lack of
protective histones and introns, and insufficient DNA repair
capacity, mtDNA is more sensitive than nuclear DNA to
damage mediated by agents such as UV or ROS.48,49
Therefore, taking into account that normal and mitochondria
with mutant DNA can still fuse,50 functional mitochondria
transferred by TNTs may provide complementary effects on
the damaged mitochondria of the UV-stressed cells. In
addition, it may also bring antiapoptosis molecules such as
Bcl-2 to prevent the process of apoptosis in the recipient cells.
Overall, we provide evidence for a link between the
formation of MT-TNTs, the transfer of mitochondria and
the changes of rescue effect in apoptotic stressed cells.
We propose a new recovery mechanism for injured cells that
proliferate slowly or cannot regenerate, such as neurons and
cardiomyocytes, which are prone to apoptosis after ischaemic
attacks.51 On the other hand, it may help drug-sensitive cancer
cells to acquire survival signals from drug-insensitive cells and
escape death during cancer treatment. Therefore, TNT-
dependent rescue effects may act as a double-edged sword
in different pathological conditions and become a potential
therapeutic target in the treatment of disease.
Materials and Methods
Cell culture and transfection. PC12 cells (rat pheochromocytoma cells,
clone 251) were cultured as described.6 To obtain cells lacking mtDNA (ρ0 cells),
PC12 cells with a low passage number were cultured for 1 month in medium
containing 0.1 μg/ml ethidium bromide and 50 μg/ml uridine (Sigma-Aldrich Corp.,
St. Louis, MO, USA).36 During this period, cells were passaged once a week. PC12
cells were transiently transfected with the expression vector pDsRed2-mito
(Clontech Laboratories, Palo Alto, CA, USA) by using Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA, USA) or pEB3-mCherry
(EUROSCARF, Frankfurt, Germany) by using electroporation.
Induction of apoptosis and coculture. PC12 cells (6 × 104 cells/well)
were placed in μ-Slide 8-well chambers (Ibidi GmbH, Martinsried, Germany) coated
with poly-L-lysine (0.1 mg/ml; Sigma-Aldrich) and cultured overnight. Then, cells
were stained with 20 μM CTB CMAC (Invitrogen) or 5 μM CTG CMFDA (Invitrogen)
at 37 °C for 45 min and then returned into the fresh medium. To induce apoptosis,
CellTracker-labelled cells were exposed to a germicidal lamp emitting 254 nm UV-C
light (TUV G15T8, Philips, Eindhoven, Netherland) for 90 s. For drug treatment,
CellTracker-labelled cells were treated with 50 μM ac-D (Sigma-Aldrich) for 2 h,
washed three times with medium containing 1% DMSO and then cultured in the
standard medium. After apoptosis-inducing treatment, CellTracker-labelled cells
were cocultured with untreated and unlabelled PC12 cells (6 × 104 cells/well) for
24 h. In some experiments, fresh medium supplemented with 350 nM cytoB (Sigma-
Aldrich), 80 μM Z-VAD-FMK (Sigma-Aldrich) or 10 μM Noc (Sigma-Aldrich) was
added 1 h after the start of coculture.
Evaluation of cell death. Cells grown in various experimental conditions
were stained with annexin V-AF488 (1 : 500; Invitrogen) at 37 °C for 45 min and then
imaged at 400 nm (for CTB) and at 488 nm (for annexin V-AF488) with a wide-field
Zeiss Axiovert 200 M fluorescence microscope (Carl Zeiss, Jena, Germany)
equipped with a × 10 objective, a Polychrome V monochromator (Till Photonics,
Gräfelfing, Germany), and a CCD camera (PCO AG, Kelheim, Germany) controlled
by TillVision software (Till Photonics). The number of annexin V-positive cells in the
CTB-labelled and -unlabelled populations was counted. Evaluation of at least 2200
cells per condition was necessary to obtain reliable estimates of cell death. The cell
death index was expressed as a percentage of annexin V-positive cells in the CTB-
labelled or - unlabelled population.
Quantification of TNTs. Cocultures of CTB-labelled and -unlabelled cells
were stained with wheat germ agglutinin-AF488 (WGA-AF488, 1 : 300; Invitrogen)
for 5 min and subjected to live-cell imaging, as follows. Stacks of 20 images from the
bottom to the top of cells were acquired at 400 nm (for CTB) and at 488 nm (for
WGA-AF488) by using the Zeiss Axiovert 200 M fluorescence microscope equipped
with a × 63/1.40 NA oil-immersion objective and a DAPI/FITC/TRITC filter set. For
each condition, at least 20 stacks were generated within 20 min. The number of
TNTs in the CTB-labelled and -unlabelled populations was counted and expressed
as the number of TNTs per 100 cells.
Immunofluorescence and membrane staining. Cocultures of
CellTracker-labelled and -unlabelled cells in μ-Slide 8-well chambers were fixed
with 4% paraformaldehyde (PFA)/4% sucrose in PBS 24 h after plating.
Immunofluorescence staining was performed according to standard procedures
by using the primary antibody: mouse monoclonal anti-α-tubulin (Sigma-Aldrich),
mouse monoclonal anti-detyrosinated α-tubulin (Abcam, Cambridge, UK), rabbit
monoclonal anti-cytochrome c (Abcam) and secondary antibody: goat anti-mouse-
AF564 and goat anti-rabbit-AF633 (Invitrogen). WGA-AF594 or WGA-AF633
(Invitrogen) was used to stain the plasma membrane. F-actin was labelled with
phalloidin-AF488 (Invitrogen). For PS staining, cells were incubated with annexin
V-AF488 for 30 min before fixation. All solution contained 2 mM Ca2+ in the
experiment of annexin V-AF488 staining. 3D confocal imaging was performed on a
Leica TCS SP5 confocal microscope (Leica Microsystems GmbH, Mannheim,
Germany) equipped with a resonant scanner and an HCX PL APO CS × 63/1.40 NA
or a × 40/1.25 NA oil-immersion objective.
To quantify the fluorescence intensity of anti-cyt c, all 3D confocal imaging were
performed with fixed settings in each experiment. The collection of maximum
projections of 3D imaging, the selection of region of interest (ROI) and the
measurement of the average fluorescence intensity of anti-cyt c were performed by
using ImageJ (National Institutes of Health, Bethesda, MD, USA). The RFI value of
anti-cyt c per cell was calculated by dividing the mean intensity of treated cells by the
mean intensity of control cells of each experiment. The RFI value of cyt c in healthy
cells was normalized to 1.
FRAP analysis of membrane fluidity. Cocultures of CTG-labelled and
-unlabelled cells in μ-Slide 8-well chambers were fluorescently stained with WGA-
AF594 (1 : 300) for 10 min and then returned to the fresh medium. For control
conditions without UV treatment, only TNTs that formed between CTG-labelled and
-unlabelled cells were selected. For cocultures with UV-treated cells, only CTG-
TNTs that formed between CTG-labelled and -unlabelled cells were selected. FRAP
was carried out by using the Leica TCS SP5 confocal microscope. The ROI
(3 × 10 μm2) was centred in the middle of the TNT to ensure that a 3 μm length of
the TNT was bleached by the argon and HeNe laser at full power (488, 563 and
633 nm). Before bleaching, the ROI was imaged for 6 s to obtain a baseline. The
ROI was then bleached for 2 s and allowed to recover for 30 s. Calculation of the
half-time of recovery of fluorescence (t1/2) was performed with the Leica LAS AF
Lite software (Leica Microsystems GmbH).
Measurement of caspase-3 activity. The activity of caspase-3 was
measured by using the Image-iT LIVE Green Caspase-3/7 Detection Kit
(Invitrogen). Briefly, CTB-labelled (UV-treated) and -unlabelled PC12 cells were
cocultured for 24 h and then incubated with FLICA solution for 90 min. Thereafter,
cells were fixed with PFA and followed with immunofluorescence staining of anti-α-
tubulin as described above. The images were acquired with the Leica TCS SP5
confocal microscope equipped with a resonant scanner and a × 40/1.25 NA oil-
immersion objective with excitation wavelength of 400 nm (CTB), 488 nm (FLICA)
and 561 nm (anti-tubulin).
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Imaging of mitochondria. To label mitochondria in living cells, cells were
stained with 50 nM TMRM (Sigma-Aldrich) for 10 min, and then subjected to time-
lapse imaging by using the Leica TCS SP5 confocal microscope equipped with a
resonant scanner, a × 63/1.40 NA oil-immersion objective and a stage with 37 °C
and 10% CO2. To detect mitochondria in fixed PC12 cells, live cells were first
incubated with 1 μM MTDR FM (Invitrogen) in medium at 37 °C for 40 min, returned
to the fresh medium and then fixed for immunolabelling. The excitation wavelengths
were 561 nm (TMRM) and 633 nm (MTDR).
To monitor the transfer of mitochondria from untreated to UV-treated cells,
pDsRed2-mito transiently transfected PC12 cells were cultured for 24 h. Cells were
trypsinized and cocultured with CTG-labelled and UV-treated cells for 24 h. The cells
were then stained with WGA-AF633 and imaged with the Leica TCS SP5 confocal
microscope equipped with a resonant scanner and a × 63/1.40 NA oil-immersion
objective. ROIs (60 × 60 μm2) that contained at least one DsRed2-mito- positive
donor cell were selected for 3D imaging. For each condition, 20 ROIs with fluorescent
cells and 1 ROI with only background fluorescence were selected. For analysis, a
threshold value (background fluorescence) was subtracted from the 3D fluorescence
images for each experiment. The number of DsRed2-mito signals (minimum 3 pixels)
in CTG cells was counted in the maximum projection of the 3D images.
Detection of mtDNA. mtDNA was detected by using the Click-iT EdU
Microplate Assay Kit (Invitrogen) with modifications as described.52 PC12 cells were
loaded with 10 μM EdU for 24 h. EdU incorporates into newly synthesized nuclear
DNA and mtDNA. EdU-labelled cells were cocultured with CTB-labelled and UV-
treated cells for 24 h. Then, the cells were fixed and the incorporated EdU was
detected with Oregon Green 488 azide through a click chemistry-based reaction.
The signal of EdU-Oregon Green 488 azide complex was further amplified by
incubation with anti-Oregon Green antibody conjugated to horseradish peroxidase.
Horseradish peroxidase reacted with Amplex UltraRed to produce a local
fluorescence signal. The imaging was performed at the Leica TCS SP5 confocal
microscope equipped with a resonant scanner and a × 63/1.40 NA oil-immersion
objective with an excitation wavelength of 633 nm.
Statistical analyses. In all cases, at least three independent experiments
were performed. Values are expressed as means± S.E.M. Data were analysed with
either Student’s two-tailed t-test (Microsoft Excel, Seattle, WA, USA) or one-way
ANOVA test with Tukey's or Dunnett's post hoc test (IBM SPSS Statistics, Armonk,
NY, USA). All error bars show 95% confidence intervals: *Po0.05; **Po0.01;
NS, not significant.
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